Humans are able to stabilize the images of moving targets on the retina by means of smooth pursuit eye movements. After the pontine level, all smooth pursuit pathways pass through the cerebellum. Previous animal studies gave evidence that two specific lesion sites within the cerebellum cause smooth pursuit disorders: those of the flocculus/paraflocculus and the vermis including lobule VI, VII, the uvula and the deep cerebellar nuclei. To date, there have been only a few lesion studies in patients with smooth pursuit disorders that do not allow direct comparison with a control group. In the present study, new lesion mapping techniques determined which cerebellar structures were involved in patients with deficits of smooth pursuit eye movements, slow phase of optokinetic nystagmus (OKN) and fixation suppression of vestibulo-ocular reflex, i.e. in eye movements that are considered to belong to the smooth pursuit system. The aim was to elucidate whether there is an anatomical and clinical link between these different eye movement disorders. Seventeen patients with acute, mainly unilateral cerebellar infarctions and an intact gain of the smooth pursuit system were compared with 11 patients with cerebellar lesions and deficient gain of sinusoidal smooth pursuit eye movements by means of lesion-mapping imaging. In addition, lesion analyses were conducted in subgroups with impaired fixation suppression of vestibulo-ocular reflex and deficient gain of the slow phase of the OKN. The uvula and partly the vermal pyramid were found to be the structures commonly damaged in patients with deficient gain of the horizontal sinusoidal smooth pursuit eye movement, of the slow phase of the OKN and impaired fixation suppression of vestibulo-ocular reflex; and were less involved in patients with intact smooth pursuit system. The present data give evidence for an anatomical link between sinusoidal smooth pursuit eye movements, fixation suppression of vestibulo-ocular reflex and the slow phases of OKN implying that the uvula and the vermal pyramid are important structures for generating slow phases within the smooth pursuit network in humans.
Introduction
Once saccades have placed the moving object on the fovea, humans use smooth pursuit eye movements to stabilize the retinal image of the slowly moving target on the fovea. Thus, primates including humans are able to perform stabilisatory eye movements such as the vestibular ocular reflex (VOR) or the optokinetic reflex. The quick phase of this eye movement corresponds to the saccades, whereas the slow phase origin from the smooth pursuit system (for review see Pierrot-Deseilligny and Gaymard, 1992; Ilg and Thier, 2008) . Thus, smooth pursuit eye movements are also involved in the fixation suppression of the vestibulo-ocular reflex (VORS) and the slow phases of the optokinetic nystagmus (OKN) (Pierrot-Deseilligny and Gaymard, 1992) . The generation and coordination of smooth pursuit eye movements involve widespread regions of the cerebral cortex, the brainstem and the cerebellum (Robinson and Fuchs, 2001 ; for review see Leigh and Zee, 2006) . The cerebellum has been demonstrated to be an essential substrate for its generation. Its role in the control of smooth pursuit eye movements was first described in cerebellectomized monkeys (Westheimer and Blair, 1974) . It is assumed that signal-driven smooth pursuit eye movements originate in the frontal and parietal areas and are then mediated by the pontine nuclei. The pontine nuclei in turn then project to different regions of the so-called cerebellar oculomotor vermis (Fukushima, 2003; Krauzlis, 2004) . In parallel, patients with cerebellar lesions show abnormalities in the generation of smooth pursuit eye movements (Pierrot-Deseilligny et al., 1990; Lewis and Zee, 1993; Vahedi et al., 1995; Straube et al., 1997) . Previous animal and human studies gave evidence that two specific lesions within the cerebellum cause smooth pursuit deficits: either those of the flocculus/paraflocculus or those of the vermis including lobule VI, VII, the uvula and the deep cerebellar nuclei (Zee et al., 1981; Suzuki and Keller, 1988a, b; Pierrot-Deseilligny et al., 1990; Pierrot-Deseilligny and Gaymard, 1992; Vahedi et al., 1995; Heinen and Keller, 1996; Rambold et al., 2002; Walker et al., 2008) . On the other hand, in two studies in patients with lesions of the lateral cerebellar hemispheres and diffuse cerebellar degeneration it was shown that the lateral hemispheres may also affect the smooth pursuit system in humans (Straube et al., 1997; Moschner et al., 1999) . These findings that multiple cerebellar structures are involved in the mechanisms of the smooth pursuit system have not yet been fully explained. However, interpretation is limited by the fact that up till now only a few lesion studies in humans are available (Pierrot-Deseilligny et al., 1990; Vahedi et al., 1995; Straube et al., 1997) in which focal damage was restricted to the cerebellum and an exact lesion location was only roughly possible. Thus, final conclusions about the role of the affected structures in smooth pursuit mechanisms cannot be drawn.
Meanwhile, new tools have been developed that allow more precise lesion localization in humans (for review see Rorden and Karnath, 2004) . These techniques significantly reduce the uncertainty brought in by the procedures used in previous anatomical studies where only rough anatomical landmarks could be taken into consideration, where lesion documentation was still on a paper-and-pencil basis, where only a rather small number of patients was included, and no direct visual and/or statistical comparisons between patients with and without a smooth pursuit deficit was carried out. In contrast, the new techniques can use the entire lesioned area of each individual subject for a high-resolution analysis (Rorden and Karnath, 2004) . Therefore, to determine which cerebellar structures are involved in smooth pursuit processes in humans, we used this new brain imaging tool of lesion mapping that furthermore allows a direct comparison with control patients (Rorden and Karnath, 2004) . The present study, thus, attempted to define the key area(s) typically associated with a deficient smooth pursuit system in humans by performing a lesion-subtraction analysis with established brain imaging techniques to compare a group of cerebellar patients with intact VORS, gain of smooth pursuit movements and slow phase OKN (i.e. eye movements that are considered belonging to the smooth pursuit system) and another with corresponding deficits. Moreover, we aim to elucidate whether there is an anatomical and clinical link between these eye movement disorders.
Methods Patients
Seventeen consecutively admitted patients with acute, unilateral cerebellar infarctions and intact smooth pursuit eye movements and 11 patients with deficient gain of smooth pursuit participated in the study (Table 1) . Five patients had unilateral lesions on the left, 20 patients had unilateral lesions on the right. The brainstem was slightly affected in three patients. All patient images were combined, and the imaged lesions were flipped to the left side. First, intact or deficient gain of smooth pursuit eye movements was used as the criteria to define two groups. Thus, the patients with intact smooth pursuit eye movements served as the 'comparison' group. Both groups were comparable with respect to age, acuteness of lesion and size of lesion (Table 1) . As the two patient groups differed in sample size, proportional values were used for the MRIcro subtraction analysis. To identify the structures that are commonly damaged in patients with deficient smooth pursuit gain but are typically spared in patients with intact gain of smooth pursuit, the superimposed lesions of the deficient smooth pursuit eye movements group were subtracted from those of the comparison group and vice versa, revealing a percentage overlay plot (for details on the subtraction technique see Rorden and Karnath, 2004) . In the second step, two further subgroups were formed according to the criteria deficient gain of the slow phase velocity of the OKN versus normal gain and impaired VORS versus intact VORS. In a lesion analysis both subgroups were compared. 
Healthy volunteers
The control group of healthy volunteers consisted of 22 (12 males; 10 females) age-matched healthy controls (t-test: P = 0.113). The mean age of the control group was 57 (SD AE 11.67).
Eye movement recordings
Smooth pursuit eye movement, nystagmus and OKN recording was performed with DC electrooculography (EOG) using monocular horizontal channels from electrode pairs (silver chloride electrodes, diameter 4 mm) placed lateral to the outer canthi and a vertical channel from an electrode pair above and below one eye. At the time of the EOG all patients were alert, cooperative and attentive. None of the patients took psychoactive drugs 24 h prior to the examination. Patients were seated in the centre of a darkened room with the head fixed in front of a curved projection screen at a distance of 1.5 m. Before the start of the recording, a calibration was done by having the patient look back and forth between two fixation points (calibration angle 40 ). For the sinusoidal smooth pursuit test, the subjects were instructed to follow a computer controlled laser dot (diameter 5 mm) moving sinusoidally with a peak velocity of 20 /s (0.16 Hz). Signals were low-passed filtered (cut-off frequency 100 Hz). The duration of the recording lasted 60 s. All data were controlled and analysed off-line by computer using an interactive eye movement analysis software (Toennies, Erich Jaeger, Hö chberg, Germany). In the qualitative analysis, the trials were checked for stable eye velocity and for saccades. To achieve a minimum of catch-up saccades, the six best slow phase epochs, i.e. single cycles, were marked. In case of saccades, they were removed and the resulting gaps were filled by connecting the end-points of a missing segment with a quadratic regression line.
Thus, the calculation of the smooth pursuit gain (ratio of eye velocity/target velocity) during sinusoidal wave tracking was based on the mean eye velocity (i.e. average eye velocity) taken from the six slow phases in each direction at the inflexion point of the curve divided by the target velocity at the inflexion point (Fig. 1) . Deficient horizontal smooth pursuit eye movements were defined if there was a bilateral gain of 599% confidence interval of the mean of the gain of the control group (0.92-1.0). Since the gain of the contra-and ipsiversive smooth pursuit of the cerebellar patients did not differ (paired t-test: P = 0.732), we combined the gain of both directions. Thus, we chose the 99% confidence interval of the bilateral gain of the smooth pursuit as the relevant criterion. If we take this criterion and analysed the contra-and ipsiversive gain of the 11 patients with deficient smooth pursuit and 17 patients with intact smooth pursuit separately, there was no difference either (patients with deficient smooth pursuit: paired t-test: P = 0.151; mean contraversive gain: 0.81; mean ipsiversive gain: 0.77; patients with intact smooth pursuit: paired t-test: P = 0.367; mean contraversive gain: 0.95; mean ipsiversive gain: 0.96). To verify our calculated smooth pursuit gain, we included an additional gain analysis (test analysis) based on a Fourier transformation of the derivation, i.e. the velocity trace over the entire recording time (Operating manual of Nystagliner, Germany, 2000) . The classification in ipsi-and contralesional gain was based on the division of the signal between the time points of the minimum and the maximum of the signal curve, i.e. the corresponding saddle points of the curve (Table 2) .
It is believed that the smooth pursuit system can suppress the VOR (Leigh et al., 1987; Robinson and Fuchs, 2001; Barnes and Paige, 2004) presumably by programming a predictive pursuit command that is able to cancel the vestibulo-ocular reflex (Barnes, 1988; Barnes and Eason, 1988) . Due to the close connection between the smooth pursuit system and the VORS we also examined the VORS. The intactness of the VORS was tested clinically by an experienced neuro-ophthalmologist who rotated the patient slowly from side to side in a horizontally rotating chair, while the patient fixated a simultaneously rotating object in front of him/her. The unambiguous presence of corrective saccades signified impairment (Stell and Bronstein, 1994) .
For OKN, an alternating black and white stripe pattern of equal width of 7 was moved at constant velocity in a horizontal plane across a semispherical screen with a peak stimulus velocity of 60 /s.
The subjects were asked to look at the stripes passing by without following them to the periphery. The gain of the subjects slow phase velocity of the OKN was evaluated by comparing the velocity of the stimulus and the target trace, i.e. the gain was defined as peak slow phase eye velocity divided by peak stimulus velocity (60 /s).
Due to the gradual build-up in slow phase velocity, eye velocity was measured 30 s after OKN-onset (Baloh and Honrubia, 2001 ). In four patients, OKN was not tested in detail. Reduced gain of the OKN was considered if the bilateral gain was 599% confidence interval of the mean of the gain of the age-matched control group (0.68-0.91). 
Lesion analysis
Lesion analysis was done by established brain imaging lesion techniques (Rorden and Karnath, 2004) . The lesions of all patients were documented by magnetic resonance imaging (MRI). The MRI protocol used diffusion-weighted (DWI) and T 2 -weighted fluid attenuated inversion recovery (FLAIR) imaging. Scans were obtained on a 1.5 T echo planar imaging (EPI) capable system (Magnetom Vision, Siemens, Germany). The FLAIR sequence was acquired with 19 axial slices (slice thickness 5 mm) with an interslice gap of 1 mm, a field of view (FOV) of 175 Â 230 mm 2 , a repetition time (TR) of 9000 ms and an echo time (TE) of 108 ms. DWI was performed with a single-shot EPI spin echo sequence (TR 5000 ms, TE 137 ms, FOV 256 Â 256 mm 2 ; matrix 64 Â 64 pixels; slice thickness 5 mm, gap 1 mm). MRI lesions were defined on FLAIR sequences and verified by DWI sequences. The initial scanning was optionally repeated during the following days until a firm diagnosis could be made, and the infarcted area became clearly demarcated. These late scans were used in the present study to avoid possible artefacts due to oedema or intracranial pressure. Furthermore, every lesion mapping plot was carefully examined for possible brain oedema, which is also visible in the MRI scan and might distort the lesion mapping.
The median time between lesion and the MRI scans used for the present analysis was 4 days (range 1-14 days). All MRI images were available in digital format. The boundary of the lesion was delineated directly on the individual MRI image for every single transversal slice using MRIcro software (Rorden and Brett, 2000) (www.sph.sc.edu/ comd/rorden/mricro.html). Both the scan and the lesion shape were then mapped into stereotaxic space using the spatial normalization algorithm provided by SPM 2 (http://www.fil.ion.ucl.ac.uk/spm/ software/spm2). For determination of the transformation parameters, cost-function masking was employed (Brett et al., 2001) .
Lesions were then presented on a T 1 -weighted template MRI scan from the Montreal Neurological Institute (MNI) (www.bic.mni. mcgill.ca/cgi/icbm_view) that correspond to z-coordinates À55, À49, À43, À37, À31, À25, À19 and À13 mm in Talairach coordinates. This template is approximately oriented to match Talairach space (Talairach and Tournoux, 1988) . Statistical analysis using Fisher's exact test, which is considered to be more appropriate than the chi-square test for smaller samples (Morgan et al., 2004) , was conducted to test whether the number of lesions of the corresponding anatomical structures between the two groups (i.e. the deficit group and the 'control' group) differed or not.
Results

Horizontal sinusoidal smooth pursuit
Eleven (39%) of the 28 patients with acute, mainly unilateral cerebellar infarctions presented with deficient sinusoidal smooth pursuit eye movements, i.e. they had a gain of 50.92 (99% confidence interval of the mean of the bilateral gain of the control group; Table 2 ). Figure 2A and B illustrates lesion density plots for each group. In both groups lesions included the uvula, the pyramid of the vermis, the tonsil, the deep cerebellar nuclei, as well as the middle cerebellar peduncle and hemispheres. To identify the structures specifically damaged in patients with sinusoidal smooth pursuit deficits, the superimposed lesions of the comparison group were subtracted from the overlap image of the patients with deficient smooth pursuit and vice versa, revealing a percentage overlay plot. This image highlights regions that are frequently damaged in patients with deficient smooth pursuit eye movements or mainly affected in patients with an intact smooth pursuit system. Figure 2C illustrates that the centre of the maximum overlap of patients with impaired smooth pursuit was located at the uvula (x = À1, y = À58 and z = À37). The uvula was more frequently affected in patients with deficient sinusoidal smooth pursuit eye movements (88%) than in the patient group with an intact smooth pursuit system. Ten of the 11 patients with deficient smooth pursuit eye movements had a lesion involving this region. In contrast, the uvula was affected in only two patients from the comparison group (P = 0.001). Lesions of the pyramid of the vermis were also rather associated with deficient smooth pursuit system (P = 0.006), whereas no difference between the number of lesions in patients with and without smooth pursuit deficit was seen with regard to flocculus (P = 0.269), tonsil (P = 0.054) and cerebellar hemispheres (P = 0.393) (Table 3) . When the hemispheres are segmented into lobules, the number of lesions affecting the various lobules between the patients with smooth pursuit deficit compared with the patients without pursuit deficits did not differ (for the biventer lobule: P = 0.137; inferior semilunar lobule: P = 0.248; superior semilunar lobule: P = 1.0; simple lobule: P = 0.441). If only the subregion of the biventer lobule at x = À44, y = À59 and z = À49 is considered (Fig. 2C ) the comparison of the number of lesions affecting this subregion between the patients with intact and deficient smooth pursuit revealed only a trend, that indicates that this subregion is more affected in patients with deficient smooth pursuit system (P = 0.062). To analyse if the two patients with intact smooth pursuit but lesions of the uvula differed regarding their lesion distribution within the uvula from the patients with deficient smooth pursuit, we did an additional subtraction analysis (Fig. 2E ). This analysis showed no difference with respect to the lesion distribution within the uvula.
VORS
With regard to the intactness of the VORS, all but one patient with deficient smooth pursuit eye movements had an impaired VORS, whereas only one patient with an intact smooth pursuit system showed an impaired VORS (Table 2) , indicating no difference between the number of patients with deficient smooth pursuit gain and impaired VORS ( 2 = 0; P = 1.0). Figure 3A and B shows the lesion density plot of the 11 patients with impaired VORS and of the 17 patients with intact VORS. Figure 3C shows that the maximum overlap of patients with impaired VORS was located at the uvula illustrating that 11 patients with impaired VORS had a lesion affecting the uvula (Table 3 ) (P = 0). Alike to the smooth pursuit analysis, lesions of the pyramid of the vermis were also rather associated with Figure 2 (A) Overlay lesion plot of the patients with deficient smooth pursuit eye movements (n = 11). The number of overlapping lesions is illustrated by different colours that code for increasing frequencies from violet (n = 1) to red (n = 11). (B) Overlay lesion plot of the comparison group with intact smooth pursuit eye movements (n = 17). Number of overlapping lesions is illustrated by different colours that code for increasing frequencies from violet (n = 1) to red (n = 17). (C) Overlay plot of the subtracted superimposed lesions of the patients with deficient smooth pursuit eye movements minus the comparison group and vice versa. (D) In addition, overlay lesion plot of the subtracted superimposed lesions of the patients with contralesional tilt of the subjective visual vertical (SVV) after subtraction of the patients with ipsilesional tilt of SVV. The figures illustrate that the anatomical area related to contraversive tilts of the SVV is the dentate nucleus (Baier et al., 2008) . (E) Overlay plot of the subtracted superimposed lesions of the two patients with intact smooth pursuit but lesions affecting the uvula minus the patients with deficient smooth pursuit eye movements and vice versa. The percentage of overlapping lesions of the group with deficient smooth pursuit eye movements after subtraction of the comparison group is illustrated by five different colours that code for increasing frequencies from dark red (difference 1-20%) to white-yellow (difference 81-100%). Each colour represents increments of 20%. The colours from dark blue (difference from À1 to À20%) to light blue (difference from À81 to À100%) indicate regions damaged more frequently in the comparison group. Talairach z-coordinates of each transverse slice are given (Talairach and Tournoux, 1988) . of overlapping lesions is illustrated by different colours that code for increasing frequencies from violet (n = 1) to red (n = 11). The figure shows that the uvula, the vermal pyramid and the tonsil are the anatomical areas related to impaired VORS. (B) Overlay lesion plot of the comparison group with intact VORS (n = 17). Number of overlapping lesions is illustrated by different colours that code for increasing frequencies from violet (n = 1) to red (n = 17). Talairach z-coordinates of each transverse slice are given (Talairach and Tournoux, 1988) . (C) Overlay plot of the subtracted superimposed lesions of the patients with impaired VORS minus the comparison group and vice versa. The percentage of overlapping lesions of the group with impaired VORS after subtraction of the comparison group is illustrated by five different colours that code for increasing frequencies from dark red (difference 1-20%) to whiteyellow (difference 81-100%). Each colour represents increment of 20%. The colours from dark blue (difference from À1 to À20%) to light blue (difference À81 to À100%) indicate regions damaged more frequently in the comparison group. Talairach z-coordinates of each transverse slice are given (Talairach and Tournoux, 1988) .
impaired VORS (P = 0.01). In addition, the tonsil also showed a trend towards a difference indicating that lesions of the tonsil were associated with impaired VORS too (P = 0.18). Neither the lesions affecting the flocculus (P = 0.269) nor the hemispheres (P = 1.0) differed between the patients with impaired VORS and intact VORS. Analogous to the lesion analysis of the smooth pursuit system, the division of the hemispheres into the different lobules revealed no difference regarding the number of lesions between the patients with intact and deficient VORS (for the biventer lobule: P = 0.137; inferior semilunar lobule: P = 0.248; superior semilunar lobule: P = 1.0; and simple lobule: P = 0.441).
OKN
Seven of the eight patients tested with deficient smooth pursuit gain also had a deficient gain of the slow phase of the OKN, whereas only three patients of the group with intact smooth pursuit presented with an impaired OKN. Thus, 10 patients of the 24 patients tested had an impaired OKN (42%). No difference between the number of patients with deficient smooth pursuit gain and deficient gain of the slow phase of the OKN was seen ( 2 = 0.030; P = 050.862). The lesion density plots ( Fig. 4A and B) illustrated that both groups, i.e. patients with deficient and intact OKN gain had lesions involving the uvula, vermal pyramid, tonsil and cerebellar hemispheres. Figure 4C shows the lesions that were affected in the group with deficient OKN and spared in the group with intact OKN, indicating that there was a trend towards an association between lesions of the uvula (P = 0.032), pyramid of the vermis (P = 0.035) and deficient OKN gain. The number of lesions between the patients with intact and deficient OKN was equal for the biventer lobule (P = 0.408), the inferior semilunar lobule (P = 0.403), the superior semilunar lobule (P = 0.680) and the simple lobule (P = 0.421) ( Table 3 ). . Number of overlapping lesions is illustrated by different colours that code for increasing frequencies from violet (n = 1) to red (n = 14). (C) Overlay plot of the subtracted superimposed lesions of the patients with deficient OKN minus the comparison group and vice versa. The percentage of overlapping lesions of the group with deficient OKN after subtraction of the comparison group is illustrated by five different colours that code for increasing frequencies from dark red (difference 1-20%) to whiteyellow (difference 81-100%). Each colour represents increment of 20%. The colours from dark blue (difference from À1 to À20%) to light blue (difference from À81 to À100%) indicate regions damaged more frequently in the comparison group. Talairach z-coordinates of each transverse slice are given (Talairach and Tournoux, 1988) . The figure indicates that the uvula and the pyramid of the vermis are rather associated to deficient OKN.
Discussion
In patients with cerebellar infarctions who were comparable with respect to age, acuteness and size of lesion, the present analysis revealed that the uvula (lobule IX of the vermis) and to some extent the pyramid of the vermis (lobule VIII of the vermis) were commonly damaged in patients with deficient gain of the horizontal sinusoidal smooth pursuit eye movements but were less involved in patients with intact smooth pursuit eye movements. Furthermore, the same was true for intact or deficient fixation suppression of the VOR and the slow phase of the OKN. Thus, this is the first lesion study that statistically compares lesions of patients with and without a smooth pursuit deficit and demonstrates that the uvula and partly the vermal pyramid are important anatomical structures of smooth pursuit mechanisms in humans. The uvula in monkeys receives afferents from visual areas of the pontine nuclei (Brodal, 1982; Glickstein et al., 1994) which are believed to be involved in smooth pursuit generation (Fukushima, 2003; Krauzlis 2004) as well as from projections of parts of the vestibular nuclei and the nucleus prepositus that are related to the ocular motor system (Brodal and Brodal, 1985) . Efferent projections of the uvula and nodulus end in the fastigial nucleus and areas of the superior vestibular nucleus, i.e. in those regions that are part of the VOR pathways (Angaut and Brodal, 1967; Voogd and Bigaré , 1980; Carpenter and Cowie; . Based on its anatomical connections, the functional role of the uvula as part of the vestibulo-cerebellum is of overriding importance in visual-vestibular interactions. A PET study of 12 normal subjects who showed increased regional cerebral blood flow (rCBF) of the flocculus, the uvula and the nodulus during fixation suppression of caloric nystagmus fits with the concept that the uvula is involved in visual-vestibular mechanisms (Naito et al. 2003) . On the other hand, data from single unit and lesion studies in monkeys have hypothesized that the uvula modulates the smooth pursuit system by regulating inhibitory signals to the fastigial and vestibular nuclei (Heinen and Keller, 1996) . In a recent study, conjugate and disconjugate eye movements were recorded in 20 patients with cerebellar lesions (Sander et al., 2009) . In accordance with present data, the deficits of smooth pursuit gain in their patients were mainly associated with vermal lesions. Therefore, our current and statistically proven data support the hypothesis that the uvula and the pyramid of the vermis might be a crucial station within the human cerebellum for modulating the visual-motor processing of the sinusoidal smooth pursuit eye movements, the VORS, as well as the slow phase of the OKN, i.e. ocular motor movements that are considered to be part of the smooth pursuit system (Pierrot-Deseilligny and Gaymard, 1992) .
There are two lesion studies in humans, which fit nicely to the present data. The first showed that patients with lesions affecting the uvula and the pyramid of vermis indeed had deficits in the smooth pursuit system (Vahedi et al., 1995) . The second studyalthough not differentiating between the various vermal lobulesreported an association between smooth pursuit gain and vermal lesions (Sander et al., 2009) .
Recently published data in primates demonstrated that lesions of the uvula and nodulus lead rather to impaired downward than to upward or horizontal pursuit (Walker et al., 2008) , indicating that nodulus and uvula are critical systems for the pursuit system and might lead a vertical pursuit asymmetry. They concluded that deficits of the vertical pursuit might be due to a disruption of pathways between uvula and the dorsolateral pontine nuclei. Walker et al.'s (2008) data are based on primates and involved lesions of the nodulus and uvula, whereas our present study did not include downward pursuit but horizontal sinusoidal pursuit, thus, our data are not directly comparable with their study. A case report of a patient with an uvulo-nodular tumour resection described an impaired downward but not upward and horizontal smooth pursuit and a central positioning downbeat nystagmus (Helmchen et al., 2007) . The lesions of the case report did not affect the vermis, whereas in the present study 90% of the patients with uvular lesions also had lesions of the vermal pyramid-a structure that seems to also be involved in smooth pursuit mechanisms.
Thus, the present data do not mean that lesions of the uvula or pyramid exclusively induce deficits of the smooth pursuit system. We have to bear in mind that the flocculus/paraflocculus were first reported to be involved in the smooth pursuit system (Zee et al., 1981; Pierrot-Deseilligny and Gaymard, 1992; Rambold et al., 2002; Medina and Lisberger, 2007) explaining the fact that P cells in the uvula did not respond well to the moving spot stimuli typically used for pursuit (Krauzlis, 2004) , and second that recently published fMRI studies showed smooth pursuit to be related to an activation of the culmen (lobule IV-V) but not the uvula (Konen et al., 2005; Schraa-Tam et al., 2008) . Thus, we suggest that several pathways control smooth pursuit mechanisms. On the one hand, the pathways that mediate pursuit involve the flocculus/paraflocculus as well as vermal structures including lobules IV-VIII, and the fastigial nucleus. On the other hand, the pathways via the uvula have a tonic, inhibitory influence on the vestibular nuclei, and thus, the uvula might be responsible for compensation of ocular motor perturbations (Heinen and Keller, 1996) .
Contrary to present data, uvular lesions in Heinen and Keller's study (1996) in monkeys resulted in a contraversive increase in the smooth pursuit gain, whereas present data show a bilateral decrease of the gain. Although it is assumed that the uvula is not primarily involved in smooth pursuit eye movements (Krauzlis, 2004) , present data point to an involvement of the uvula and the vermis in horizontal smooth pursuit. Thus, in parallel to lesions of the dentate nucleus which result in a contralesional tilt of the subjective visual vertical (Baier et al., 2008) (Fig. 2D) , lesions of the uvula might lead (partly via the dentate nucleus) to an increase in tonic activity of the vestibular nuclei and the fastigial nuclei due to the loss of inhibition (equivalent to an excitation). An isolated lesion of the uvula might be compensated by other pathways including the flocculus/paraflocculus and vermal structures such as the vermal pyramid. However, if in addition to the uvula other structures such as the vermis are damaged the increase of tonic resting activity may lead to an imbalance of the vestibular nuclei and consequently to a decompensation of the entire smooth pursuit system mirrored in a bilateral decrease of the gain.
With regard to the OKN, previous fMRI studies reported activation of the cerebellar hemispheres and structures such as the uvula, nodulus, declive, folium and parts of the vermal pyramid (Dieterich et al., 2000; Bense et al., 2006) . Their results imply and support present data that the uvula and vermal pyramid are also crucial for ocular motor control during OKN. These studies and our data are also complementary to previous primate studies that demonstrated the influence of the intact uvula on slow phase velocity of eye movements during optokinetic after-nystagmus Hess, 1994, 1995) .
It is believed that suppression of the VOR is controlled by the smooth pursuit system (Leigh et al., 1987; Robinson and Fuchs, 2001; Barnes and Paige, 2004) . Based on animal studies in monkeys it was suggested that the uvula controls inhibitory signals to the fastigial and vestibular nuclei (Heinen and Keller, 1996) and thus, adjusts the pursuit system. Indeed, the current data are in favour of an involvement of the sinusoidal smooth pursuit system in the VORS (Table 2, Fig. 2 ).
Our data demonstrate that the uvula and the vermal pyramid might be crucial stations within the cerebellum for modulating the VORS and the slow phase of the OKN via smooth pursuit mechanisms. Thus, lesions of the uvula and the pyramid of vermis lead to deficient sinusoidal smooth pursuit, slow phases of OKNs as well as an impaired VORS. The present data imply that various components of the smooth pursuit system have the same anatomical correlate. This anatomical correlate is reflected by the clinical link between impaired VORS, deficient slow phase of the OKN and smooth pursuit eye movement, i.e. the association of the occurrence of the various deficits in the corresponding patients.
However, the question of whether an isolated lesion of the uvula and/or the vermal pyramid suffices to cause a deficient smooth pursuit system and whether the uvula and pyramid present a primary drive for control of sinusoidal pursuit eye movements cannot be finally resolved by the present study, since none of the patients with an impaired smooth pursuit system had a lesion restricted only to the uvula or the pyramid. Consequently, other cerebellar structures seem to be involved in the smooth pursuit system, too. Thus, structures such as the vermal lobules VI and VII might rather control other types of pursuit, such as adjustment of early open-loop pursuit (Takagi et al., 2000; Ilg and Thier, 2008) .
The limitations of the present study should be kept in mind: structural MRI scans might not necessarily show the full functional extent of a lesion. Areas that appear to be structurally intact in anatomical scans may not necessarily function normally due to an abnormal perfusion. Since the nodulus borders directly to the uvula we cannot entirely exclude that lesions also affect the nodulus. However, based on present lesion analysis, the uvula (x = À1, y = À58 and z = À37) unambiguously contains the maximum overlap of the lesions in patients with deficient horizontal smooth pursuit. In addition, we cannot rule out that the statistical lack of an association between lesions affecting the flocculus and smooth pursuit deficit might be due to the small number of patients with flocculus lesions (Table 3 ).
In conclusion, the sample of patients with unilateral cerebellar infarcts who presented with intact or deficient eye movements of the smooth pursuit system gave evidence that there is an anatomical as well as a clinical link among smooth pursuit eye movements, VORS and the slow phase of the OKN implying that the uvula and vermal pyramid is also an important structure within the smooth pursuit network in humans.
